The native flavin, FMN, has been removed from the L-lactate oxidase of Aerococcus viridans, and the apoprotein reconstituted with 12 FMN derivatives with various substituents at the flavin 6-and 8-positions. Impressive linear relationships are exhibited between the sum of the Hammett para and ortho parameters and the redox potentials of the free flavins, and between the redox potentials of the free and enzyme-bound flavins. Rapid reaction kinetics studies of the reconstituted enzymes with the substrates L-lactate and L-mandelate show an increase in the reduction rate constant with increasing redox potential, except that, with lactate, a limiting rate constant of Ϸ700 s ؊1 is obtained with flavins of high potential. Similar breakpoints are found in plots of the rate constants for flavin N5-sulfite adduct formation and for the reaction of the reduced enzymes with molecular oxygen. These results are interpreted in terms of a two-step equilibrium preceding the chemical reaction step, in which the second equilibrium step provides an upper limit to the rate with which the particular substrate or ligand is positioned with the flavin in the correct fashion for the observed chemical reaction to occur. The relationship of rate constants for flavin reduction and N5-sulfite adduct formation with flavin redox potential below the observed breakpoint indicate development of significant negative charge in the transition states of the reactions. In the case of reduction by substrate, the results are consistent either with a hydride transfer mechanism or with the so called ''carbanion'' mechanism, in which the substrate ␣-proton is abstracted by an enzyme base protected from exchange with solvent. These conclusions are supported by substrate ␣-deuterium isotope effects and by solvent viscosity effects on sulfite binding. L -lactate oxidase (LOX) from Aerococcus viridans is a member of the family of FMN-containing enzymes that catalyze the oxidation of ␣-hydroxyacids (1). Considerable evidence has been accumulated that the dehydrogenation reaction involved proceeds via a carbanion mechanism (see refs. 2 and 3 for reviews). The recent crystal structure determination of D-amino acid oxidase (4, 5), a related enzyme involved in the oxidation of ␣-amino acids, has led to a reconsideration of its reaction mechanism, which, like that of the ␣-hydroxyacid oxidases, had been considered to involve a carbanion mechanism. Within the ␣-hydroxyacid oxidase family, glycolate oxidase and flavocytochrome b 2 are the only enzymes whose crystal structures have been solved (6, 7). Unlike D-amino acid oxidase, which lacks an active site base capable of abstraction of the ␣-proton from the substrate, and with which a hydride transfer mechanism now appears likely (4, 8), both glycolate oxidase and flavocytochrome b 2 have a histidine residue that appears to be positioned suitably to function as an active site base. This histidine and a set of other residues are conserved in all members of the ␣-hydroxyacid oxidase family. We have reported a preliminary x-ray analysis of L-lactate oxidase, but the structure has not yet been solved (9). Our main approach to solve the mechanism, therefore, has been based on rapid reaction kinetics studies. In these studies, we have employed substrate analogs, transition state analogs, and sitedirected mutants of L-lactate oxidase (10, 11). Here, we have reconstituted apo-enzyme with a series of FMN analogs with different substituents at the 6-and 8-positions of the isoalloxazine ring and have studied the rapid reaction kinetics of the reductive half reaction either by the substrates L-lactate or L-mandelate, the oxidative half reaction with molecular oxygen, and the binding and dissociation of sulfite ion as a nucleophilic ligand and reactant of the enzyme. In the course of this work, it became evident that binding of substrates or ligand to the enzyme is a multistep process preceding the chemical events. Such factors are complicating ones in quantitative structurefunction activity relationship (QSAR) studies, which could compromise the interpretation of such studies.
L
-lactate oxidase (LOX) from Aerococcus viridans is a member of the family of FMN-containing enzymes that catalyze the oxidation of ␣-hydroxyacids (1). Considerable evidence has been accumulated that the dehydrogenation reaction involved proceeds via a carbanion mechanism (see refs. 2 and 3 for reviews). The recent crystal structure determination of D-amino acid oxidase (4, 5) , a related enzyme involved in the oxidation of ␣-amino acids, has led to a reconsideration of its reaction mechanism, which, like that of the ␣-hydroxyacid oxidases, had been considered to involve a carbanion mechanism. Within the ␣-hydroxyacid oxidase family, glycolate oxidase and flavocytochrome b 2 are the only enzymes whose crystal structures have been solved (6, 7) . Unlike D-amino acid oxidase, which lacks an active site base capable of abstraction of the ␣-proton from the substrate, and with which a hydride transfer mechanism now appears likely (4, 8) , both glycolate oxidase and flavocytochrome b 2 have a histidine residue that appears to be positioned suitably to function as an active site base. This histidine and a set of other residues are conserved in all members of the ␣-hydroxyacid oxidase family. We have reported a preliminary x-ray analysis of L-lactate oxidase, but the structure has not yet been solved (9) . Our main approach to solve the mechanism, therefore, has been based on rapid reaction kinetics studies. In these studies, we have employed substrate analogs, transition state analogs, and sitedirected mutants of L-lactate oxidase (10, 11) . Here, we have reconstituted apo-enzyme with a series of FMN analogs with different substituents at the 6-and 8-positions of the isoalloxazine ring and have studied the rapid reaction kinetics of the reductive half reaction either by the substrates L-lactate or L-mandelate, the oxidative half reaction with molecular oxygen, and the binding and dissociation of sulfite ion as a nucleophilic ligand and reactant of the enzyme. In the course of this work, it became evident that binding of substrates or ligand to the enzyme is a multistep process preceding the chemical events. Such factors are complicating ones in quantitative structurefunction activity relationship (QSAR) studies, which could compromise the interpretation of such studies.
Materials and Methods
FMN analogs were prepared from riboflavin analogs by first conversion to the corresponding FAD analog by treatment with FAD synthase, as originally reported by Spencer et al. (12) . Conversion of the FAD analogs to the corresponding FMN analogs was done by using Naja naja snake venom from Sigma just before reconstitution with the apo-enzyme.
L-lactate oxidase from A. viridans (LOX) was from Asahi Chemical Industries (Tokyo). Apo-LOX was made as follows: A diluted enzyme solution (A 456 Ϸ 1.0) was prepared in 50 mM phosphate buffer (pH 5.7) and KBr was added to 2 M. This enzyme solution was dialyzed for 2 days at 4°C with the same buffer that contained 1 g͞250 ml of activated charcoal for adsorbing the released FMN. After the loss of FMN absorbance, the dialysis buffer was changed to 0.1 M phosphate buffer (pH 7) without KBr, and dialysis continued overnight. The resulting apo-enzyme was stored at Ϫ20 or Ϫ80°C and is stable for at least 1 year under these conditions. The reconstituted enzymes were prepared by titrating the FMN analog with apoenzyme and monitoring the characteristic absorbance changes, and then eliminating any nonbound flavin by concentration with a Centricon 30 (Amicon) ultrafilter, and finally passing through a column of Sephadex G-25 equilibrated with standard buffer [10 mM imidazole (pH 7.0) containing 100 mM KCl].
The midpoint potentials of the enzyme-bound flavin were determined by the xanthine͞xanthine oxidase method (13) or, where appropriate, by equilibration with the pyruvate͞L-lactate couple. The procedures for the rapid kinetic experiments and sulfite binding͞release experiments were as described (1, 10). All Abbreviations: LOX: L-lactate oxidase; QSAR, quantitative structure-function activity relationship. § To whom reprint requests should be addressed. E-mail: massey@umich.edu.
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Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073͞pnas.040559797. Article and publication date are at www.pnas.org͞cgi͞doi͞10.1073͞pnas.040559797 reactions were carried out in 10 mM imidazole͞100 mm KCl buffer (pH 7.0) at 25°C. Reaction traces were simulated by using a fourth-order Runge-Kutta algorithm implemented in Program A (J. Chiu, R. Wang, J. Dinervo, and D. P. Ballou, personal communication).
Results

Reconstitution of Apo-L-Lactate Oxidase with a Series of FMN Analogs.
Apo L-lactate oxidase was reconstituted with 12 FMN analogs with different substituents at the flavin 6-and 8-positions. In all cases, reconstitution was complete after mixing equivalent amounts of FMN analog and apo-enzyme. Thus, flavin binding is tight, as is also the case with native enzyme. Fig. 1 summarizes the absorption spectra of the starting FMN analogs and the reconstituted enzymes. All of the reconstituted enzymes showed a red shift in their absorption peaks. The fine structure of the absorption spectra indicate the environment of flavin at the catalytic site is hydrophobic, as with the native enzyme. The flavin fluorescence was quenched both in wild-type LOX and the reconstituted LOX with all of the FMN analogs (data not shown).
8-Cl-FMN-LOX was not reactive with thiol compounds, indicating that the 8-position is buried in the protein matrix (14, 15) . A similar phenomenon is found with lactate monooxygenase (16) , glycolate oxidase (17) , and flavocytochrome b 2 (18), indicating that all members of the ␣-hydroxyacid oxidase family have a similar three-dimensional structure. It should be noted that the 8-position of D-amino acid oxidase is exposed to solvent (4, 5, 16) . The absorption spectra of the enzymes reconstituted with 8-mercapto-, 6-OH-, and 8-OH-FMN show that the anionic form of the flavin is stabilized and, in the case of 8-mercapto FMN, also as the benzoquinoid resonance form (19) .
Correlation of Hammett -Parameters with the Redox Midpoint
Potential. Because the 8-and 6-positions of the isoalloxazine ring are para-and ortho-, respectively, to the reaction center of the flavin N-5 position, Hammett para and ortho parameters can be used for representing the electronic characteristics of these functional groups. Therefore, in this study, we have used the sum of the Hammett para and ortho parameters, ⌺, in free energy relationship plots (20) . Moreover, the absorbance spectra of the 6-OH-, 8-mercapto-, and 8-OH-FMN reconstituted enzymes reveal that they are stabilized in the anionic form ( Fig. 1 ). Consequently the Hammett values for the anionic forms of these substituents have been used in the enzyme studies, but not with the free flavins, where an average of the values for the neutral and anionic forms was used. The correlation of the midpoint potentials of free FMN analogs with the sum of parameters is excellent ( Fig. 2 ; Table 1 ). This relation indicates Fig. 1 that the empirical Hammett parameters at the 6-and 8-positions reflect the electronic effects on the reactivity at the N-5 position of the flavin isoalloxazine ring. One exception is the case of roseo-FMN. The dimethylamino substituent is bulky and frequently results in deviations between calculated and experimental values, presumably because steric interactions twist the N(CH 3 ) 2 out of conjugation with the aromatic ring (20) .
Correlation of the Redox Midpoint Potentials Between Free and
Enzyme-Bound FMN Analogs. When the midpoint potentials of the reconstituted enzymes with FMN analogs are plotted vs. those of the free FMN analogs, a simple linear relationship is observed ( Fig. 3 ; Table 1 ). This is true even in the case of roseo-FMN. The poorest correlation is with 6-OH-FMN, whose equilibrium is shifted to the anionic form when bound to the enzyme. The linear correlation indicates that each flavin makes the same interactions with the protein in the reconstituted enzymes, but the strengths vary. The redox potential of the enzyme-bound flavin is uniformly more positive than that of the free flavin, indicating a higher affinity of the reduced flavin to the enzyme than that of the oxidized form. The slope of Ϸ1.3 is almost identical to that found with many of the same flavins bound to p-hydroxybenzoate hydroxylase (21) and shows that the more electron-withdrawing the substituent is, the stronger the preference for the enzyme to bind the reduced flavin.
QSAR Analysis of L-Lactate Oxidase Reconstituted with FMN Analogs.
For brevity of presentation, we have plotted the experimental results with the reconstituted enzymes as a function of the measured redox potentials but, for QSAR analyses, have used the Hammett constants of the free flavins in the calculation of the Hammett values.
The observed saturating rate constants of the reductive half reaction with L-lactate correlate reasonably well with the redox midpoint potential up to ϷϪ120 mV and then keep constant at Ϸ700 s
Ϫ1
with FMN analogs of higher redox potential (Fig. 4a,  triangles) . The correlation is even better if the point for 8-mercaptoflavin is discarded. This is reasonable because, in the benzoquinoid form, this flavin bears a negative charge analogous to that in the reduced form, and so is likely to be reduced more slowly than neutral flavins. The reduction rate constants with the poor substrate, L-mandelate, show a linear relation with the redox potential even in the higher redox potential region. When plotted versus the Hammett ⌺ values of the free flavins, the slopes yield values of Ϸϩ4-5 for lactate and Ϸϩ3.3 for mandelate. As expected for the reaction of reduced enzyme with oxygen, where the enzyme flavin is the electron donor to oxygen, 3 . Correlation of the midpoint potentials between enzyme-bound and free FMN analogs. The numbering of the data points is the same as in Fig. 1 and Table 1 .
the opposite relation with the redox potential is found (Fig. 4b) , including a break point in the plot at approximately the same redox potential (ϷϪ120 mV). When plotted vs. the Hammett ⌺ values of the free flavins for the part of the plot with electronwithdrawing substituents at the flavin 8-position, a slope of ϷϪ2.5 is obtained for the Hammett value. The rate constants for reaction of O 2 with enzyme containing 6-substituted flavins are 1-2 orders of magnitude smaller than with 8-substituted flavins of similar redox potential and show no consistent correlation.
Flavoproteins of the ␣-hydroxyacid oxidase family show a pronounced reactivity with sulfite to form reversibly an adduct at the flavin N5-position (2, 3). It was therefore of interest to measure the kinetics of this reaction with the present series of substituted LOXs. The results are shown in Table 1 and Fig. 4  c and d . Remarkably, the k on values show a similar pattern to those of the k red values for lactate, with increasing values as the redox potential is raised, until again a break point is reached at ϷϪ120 mV, beyond which the values remain approximately the same. On the other hand, the values of k off show no obvious break point, and decrease consistently as the redox potential of the enzyme flavin is increased (Fig. 4d) . When the rate constants are plotted vs. the Hammett ⌺ values of the free flavins, a value of Ϸϩ6 is obtained for k on with those flavins before the break point, and a value of Ϸ Ϫ2.4 is obtained for k off over the whole range. It should be noted that the values of K d derived from the simple expression K d ϭ k off ͞k on are the same, within experimental error, as those derived from equilibrium titration of the enzymes with sulfite (results not shown).
Discussion
The most remarkable finding of this study is that the dependence of the rate constants on redox potential of enzyme reduction by L-lactate (k red , a first order rate constant), for the reoxidation of reduced enzyme by molecular O 2 (k ox , a second order rate constant), and for the formation of the flavin N5-sulfite adduct (k on , a second order rate constant) all have a break point close to that of normal flavin and then reach limiting values. The limiting second order rate constants observed for sulfite and O 2 , both Ϸ10 6 M Ϫ1 ⅐s
Ϫ1
, suggest the possibility that the reactions become partly diffusion-controlled, even though the numerical values are Ϸ2-3 orders of magnitude smaller than those usually assumed for typical enzyme-substrate͞ligand interaction (22) . This result can be explained by the simple model that substrate͞ ligand binding to the active site is at least a two-step process preceding the observed chemical event (i.e., enzyme flavin reduction by L-lactate, flavin reoxidation by O 2 , or formation of the flavin N5-adduct):
where EL represents the primary collision complex, and ELЈ represents the reactant properly positioned in the active site for the subsequent chemical event, resulting in the modified flavin, EЈP. The second step could be a conformational change or diffusion through the active site cleft to the flavin. The dependence of the observed rate constant for formation of EЈP, k obs , as a function of ligand concentration, when k 5 Ͼ Ͼ k 6 gives
Thus, a plot of 1͞k obs vs. 1͞[L] is linear, with a y intercept of (k 3 ϩ k 3 ϩ k 5 )͞k 3 k 5 and a slope͞intercept of
. Such plots were used to determine the values of k red and K d Ј reported in Table 1 . It should be noted that the expression
is the same as that for the steady state parameters k cat ͞K m of a ping-pong mechanism using the same set of rate constants before reaction with the second substrate. It is apparent that this ratio, commonly used as an indicator of enzyme efficiency, and giving a lower limit to the value of k 1 , in fact only approximates to k 1 when k 3 k 5 is much bigger than k 2 k 4 and k 2 k 5 .
The expression for k red ϭ k 3 k 5 ͞(k 3 ϩ k 4 ϩ k 5 ) approaches the value of k 5 , the rate constant for the chemical step, when k 3 is Fig. 4 . Correlation of a series of reaction rate constants and midpoint potentials of apo-lactate oxidase reconstituted with FMN analogs. The numbering of the data points is the same as in Fig. 1 and Table 1 much bigger than k 4 and k 5 . This is presumably the situation with enzyme-containing flavins of low redox potential, where there is a reasonable linear free energy relationship for flavin reduction by substrate. With flavins of potential greater than that of FMN, presumably k 5 now becomes much larger than k 3 , so that the observed rate constant is now limited by k 3 . The experimental results can be nicely modeled in this way, with a large value of k 1 , consistent with the large values expected of diffusion of substrate to enzyme, but followed by a secondary slower process, with a rate constant k 3 of Ϸ1,000 s
. In this model, the chemical event, with rate constant k 5 , is not adequately expressed at high values of k 5 because the preceding step is now rate-limiting.
A similar model holds for the reaction of reduced enzyme with O 2 and for the reaction of oxidized enzyme with sulfite. In both cases, the experimentally observed rate constants are directly proportional to O 2 and sulfite concentrations, respectively, yielding the second order rate constants given in Table 1 . This result is still consistent with the three-step model, provided that the initial binding step is weak and k 3 and k 4 are large. Under these conditions, although the model still predicts saturating kinetics, at most concentrations of ligand, the observed rate constant is directly proportional to [L] and the observed rate constant is given by the ratio Fig. 5 shows a theoretical plot of this apparent second order rate constant for a given set of values of k 1 , k 2 , k 3 , k 4 as a function of varying the value of k 5 . The plot clearly mimics the results shown in Fig. 4 for the observed second order rate constants with both sulfite and oxygen. Fig. 5 also shows the results of decreasing the values of k 1 , k 2 , k 3 , and k 4 by a factor of 5, as a model for a possible viscosity effect of 5, which could be expected for results in Ϸ40% sucrose at 25°C. It is instructive to note that, if only k 1 and k 2 are decreased, but k 3 and k 4 left at their initial values, no viscosity effect is predicted on the value of k obs . When all four rate constants, k 1 , k 2 , k 3 , and k 4 , are decreased by a factor of 5, the same results are predicted as when only k 3 and k 4 are decreased. The theoretical viscosity effect is only exhibited at values of k 5 k 4 . Accordingly, we studied the effect of 40% sucrose on the sulfite binding kinetics with four selected flavins bound to the enzyme. With the high potential flavins, 8-CN-and 8-Cl-FMN bound to the enzyme, the viscosity effect with 40% sucrose on the value of k on was 2.8 and 2.3, respectively. With native (FMN) enzyme, the viscosity effect was 1.65. With 8-SCH 3 -FMN enzyme, which has a 10 3 smaller value of k on , there was no observed viscosity effect, in agreement with the model.
It is interesting to note that the ratio of k red ͞K d Ј with lactate as substrate is very similar to the observed k on value for sulfite with all of the substituted flavin enzymes (Fig. 4) . The observed results with L-lactate both in terms of k red and k red ͞K d Ј can be modeled well with the rate constants used for the simulations of to simulate the observed results. This requires that the primary step in lactate binding must be tighter than that with sulfite but that the latter should move to the correct position over the flavin for nucleophilic attack on the flavin N5-position considerably faster than lactate positions itself for reduction of the flavin, by whatever chemical mechanism. The fact that very similar values are obtained for the apparent second order rate constants with sulfite and L-lactate (Fig. 4c) , but that the fitting of the data require quite different combinations of rate constants, points out the possibility of misleading interpretation of k red ͞K d Ј or k cat ͞K m ratios in QSAR analyses. It should be noted that the concept of multistep binding of substrate to an enzyme is not new and in one form or another has been used to account for the fact that measured or calculated rates of protein-ligand interactions are frequently much lower than expected for diffusion-controlled interactions (see, for example, ref. 22 for a good discussion). where the second equilibrium step provides a limit to the rate at which substrate is able to position itself in the enzyme active site in the optimal position for reduction to occur. The calculated values shown in the lower graph are for a progression of 5-fold increases in the value of k 5. The top graph shows the expected isotope effect for each 5-fold change of k 5. Thus, full isotope effects are exhibited at values of k 5 below that of k3, but decrease to zero as the value of k 5 becomes larger than that of k3.
